It is possible that the electroweak scale is low due to the fine-tuning of microscopic parameters, which can result from selection effects. The experimental discovery of new light fundamental scalars other than the Standard Model Higgs boson would seem to disfavor this possibility, since generically such states imply parametrically worse fine-tuning with no compelling connection to selection effects. We discuss counterexamples where the Higgs boson is light because of fine-tuning, and a second scalar doublet is light because a discrete symmetry relates its mass to the mass of the Standard Model Higgs boson. Our examples require new vectorlike fermions at the electroweak scale, and the models possess a rich electroweak vacuum structure. The mechanism that we discuss does not protect a small CP-odd Higgs mass in split or high-scale supersymmetry-breaking scenarios of the MSSM due to an incompatibility between the discrete symmetries and holomorphy.
Introduction and Conclusions
The hierarchy between the electroweak scale and a high scale cutoff, Λ, may result from a finelytuned Higgs mass. For example, Λ may represent the Planck scale, the grand unification (GUT) scale [1] , or a high supersymmetry (SUSY) breaking scale [2] . One possible mechanism for producing a tuned electroweak scale is environmental selection in a multiverse [3] [4] [5] , in analogy to Weinberg's anthropic constraint on the size of the cosmological constant [6] . In a generic theory, additional tunings are required if additional light states exist in the scalar spectrum. Since only one light scalar Higgs boson is required to break electroweak symmetry, it is reasonable to expect that even if one Higgs state is tuned to be light, m h Λ, all other scalars still reside near the cutoff scale Λ. This reasoning suggests that the infrared physics should consist of the Standard Model, possibly augmented by new fermions, whose masses are protected by chiral symmetry, but not new scalars. Examples of this class of theories are the Standard Model (SM) extrapolated to high energies, Split Supersymmetry [7] , and the SM plus fermionic dark matter [8] .
Sometimes, the above argument is turned around. If new fundamental scalars are discovered at the LHC, then selection probably does not explain the electroweak scale [9] . This points to a natural electroweak scale, perhaps with supersymmetry around the corner. More radically, extra scalars and the absence of a stabilizing symmetry may be evidence that quantum gravity does not contribute a large correction to scalar masses [10] . However, while compelling for generic theories, this conclusion is not a theorem, and can fail for non-generic theories. A simple counterexample is the case where the masses of one more more new scalars are linked by symmetry to the mass of the SM Higgs boson. In such theories, only one tuning is required, and results in additional light scalars.
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In this article we discuss a simple Two Higgs Doublet Model (2HDM) [11] of this type. Discrete symmetries constrain the mass terms in the Higgs sector so that when one doublet is tuned light, the other comes along for the ride. The symmetries also constrain the quartic couplings, and in the Yukawa sector they require the introduction of new fermion states with soft symmetry breaking vectorlike mass terms. We analyze the Higgs sector phenomenology and the naturalness constraints on the symmetry breaking terms.
Similar 2HDMs were previously studied in [12] , although with a different motivation. Ref. [12] set out to identify models where the Higgs mass is fine-tuned, but related to the dark matter mass by a symmetry, preserving weak scale dark matter. They studied the Inert Double Model [13, 14] , where an unbroken Z 2 protects the stability of one doublet, which is identified with dark matter. The dark matter mass is related to the Higgs mass by a discrete symmetry, which requires vectorlike fermions. Our focus will be on a similar model with a slightly different vectorlike fermion content. We present a general classification of the symmetries that can tie the two masses and identify the minimal requirements. We analyze the full vacuum structure, allowing the inert symmetry to be spontaneously broken, and we provide updated constraints given LHC measurements of the Higgs mass and couplings.
We then discuss the extension of these symmetries to supersymmetric models. Given our minimal example of a "partially natural" 2HDM, it is interesting to think how it may be embedded in more a ultraviolet (UV) complete 2HDM. For example, if the soft SUSY breaking scale in the MSSM is high, the "generic theory" expectation is that the mass of the second Higgs doublet is of order m sof t -far in the decoupling limit. Can the discrete symmetries be implemented so that the mass of the CP-odd Higgs boson, m A , is naturally of order the electroweak scale? We show that the mechanism discussed in the non-supersymmetric case is not extendable in a simple way. In supersymmetry, some of the discrete symmetries take the form of generalized charge conjugation or parity symmetries that cannot be extended to the Yukawa and gauge sectors simultaneously, inevitably introducing hard breaking of the symmetries. However, in the MSSM without extra matter, we find that there are corners of parameter space where there is a hierarchy between m A and m sof t and hard discrete symmetry breaking effects on the fine-tuning are relatively mild.
The remainder of this paper is organized as follows. In section 2, we study all possible symmetries of the 2HDM and determine when one fine-tuning implies more than one light scalar.
In section 3.1, we specialize to a specific example, with a Z 2 × Z 2 symmetry, which we study in the remainder of the paper. In section 3.2, we extend the discrete symmetry to the Yukawa sector, which requires adding vectorlike fermions whose masses softly break the symmetry. We discuss discrete symmetry breaking effects in section 3.3, the vacuum structure in section 3.4, the scalar spectrum in section 3.5, and the phenomenology of the vectorlike quarks in section 3.6. In section 4, we show that the discrete symmetry cannot be extended in a simple way to protect the mass of the heavy doublet in the MSSM. However, in gauge-mediated models with large tan β, an approximate discrete symmetry between the top and bottom Yukawa couplings may allow a natural one-loop splitting between the second doublet and the soft SUSY-breaking scale.
Fine-Tuning of Parameters in the Two Higgs Doublet Model
The Higgs sector of the Standard Model is famously unnatural [15, 16] . 2 In particular, a finetuning of the Higgs sector squared-mass parameter is required in order to explain the observed vacuum expectation value of the neutral Higgs field: v 246 GeV. As we now demonstrate, the Two-Higgs Doublet Model (2HDM) generically requires 4 separate and independent fine-tunings.
To determine the number of independent fine-tunings consider the most general renormalizable 
, then it is possible to have m We propose to remove the additional fine-tuning conditions by imposing a discrete or continuous symmetry on the scalar potential given in Eq. (2.1), which reduces the number of independent parameters. Remarkably, the possible symmetries that yield distinct models are quite limited and are listed in (2) that is always present due to electroweak gauge invariance. The generalized CP (or GCP) symmetries are generically of the form Φ a → U ab Φ * b . In the list of Higgs family and GCP symmetries given below and in Table 1 , an element of the corresponding symmetry group should be regarded as an equivalence class of elements, where the elements of a given class are related by U(1) Y symmetry transformations. 5 A larger class of accidental symmetries of the 2HDM scalar potential that utilizes mixed Higgs family and generalized CP symmetries, which has been treated in Refs. [26] [27] [28] , will not be considered here.
We summarize below the symmetry transformations of the scalar fields corresponding to the symmetries listed in Table 1 . The possible Higgs family symmetries modulo the U(1) Y hypercharge symmetry can be either discrete or continuous:
(mirror symmetry):
SO (3): (maximal Higgs flavor symmetry):
It should be noted that starting from the scalar potential of a Z m 2 -symmetric 2HDM, one can find a different basis of scalar fields in which the corresponding scalar potential manifestly exhibits the Z i 2 symmetry, and vice versa [21] .
The GCP symmetry transformations of the scalar fields listed in Table 1 are as follows:
In all cases, each of the above symmetries is applied singly in a generic {Φ 1 , Φ 2 } basis. One can also consider the possibility of applying two of the symmetries listed above simultaneously in the same basis. It was shown in Ref. [24] that no new independent models arise in this way. [12, 24] (here, the σ i are the usual Pauli matrices). However, if we impose an equivalence relation by identifying g and −g for all g ∈ D 4 , then we recover the group of four elements,
remove three fine-tuning conditions (leaving only the fine-tuning condition associated with setting v = 246 GeV), we shall impose a symmetry on the scalar potential that places the 2HDM in an exceptional region of parameter space, first identified in Ref. [21] and later dubbed the ERPS in Ref. [24] . This parameter regime consists of choosing
The corresponding conditions in the Higgs basis are,
Indeed in the ERPS, Y 2 is no longer an independent parameter, which means that the fine-tuning
are automatically satisfied once the first fine-tuning condition to
The ERPS is consistent with three of the symmetries listed in Table 1 Until now, we have focused solely on the pure scalar sector of the 2HDM. Including the interactions with the vector bosons does not modify the analysis above, since these arise from the scalar kinetic energy terms when an ordinary derivative is replaced by a gauge covariant derivative. The resulting kinetic energy term is in fact invariant under the full U(2) Higgs family symmetry. However, when we include the Yukawa couplings of the Higgs bosons to the fermions, we immediately face a challenge. The Yukawa interactions are linear in the scalar fields that transform non-trivially with respect to the Higgs family and GCP symmetries. Thus, if we want to preserve the symmetry that yields Eq. (2.14) and preserves the single fine-tuning, then we must introduce transformation laws for the fermion fields in such a way that respect the corresponding Higgs family or GCP symmetry. This in turn will constrain the structure of the Higgs-fermion interactions.
Such an analysis was performed in Ref. [30] , where the following results were obtained. First, it was shown that there is no extension of the CP2 symmetry to the Higgs-quark Yukawa couplings in a way consistent with experiment. In particular, a CP2-symmetric Higgs Lagrangian necessarily contains a massless quark. Second, all possible extensions of the CP3 symmetry (corresponding to different choices of θ) were considered. Only one potentially viable CP3-symmetric 2HDM was found, although this model yielded a value of the Jarlskog invariant that was nearly three orders of magnitude below the experimentally observed value. Moreover, this model possesses tree-level Higgs-mediated flavor-changing neutral currents that may already be inconsistent with data. Finally, as previously noted, an exact CP3 symmetry yields a massless CP-odd scalar and thus must be softly-broken by taking m were much larger than the electroweak scale. In order to extend the CP2 symmetry of the bosonic part of the 2HDM Lagrangian to the full Higgs Lagrangian, we will need to add additional fermions to the model. This in turn will allow us to modify the transformation laws of the ordinary fermions under CP2 and avoid the conclusions of Ref. [30] .
3 Model of a partially natural 2HDM
Higgs Sector
We focus on the CP2-symmetric 2HDM scalar potential, which was shown in Section 2 to alleviate two of the three fine-tuning conditions of the model. As noted above, the CP2 model is equivalent to imposing simultaneously the discrete Z m 2 and Z i 2 symmetries on the scalar potential. It is instructive to exhibit how the second fine-tuning is alleviated in the generic {Φ 1 , Φ 2 } basis.
Consider the mass terms of the general 2HDM,
In order to relate the two scalars by a symmetry, we introduce a Z 2 exchange, or mirror 7 , symmetry,
The mirror symmetry sets m ≡ m 11 = m 22 ,
This mirror symmetry is insufficient to ensure two light Higgs bosons at low energies because the eigenvalues of the mass matrix are given by m 2 ± m 
In particular, Φ + and Φ − transform differently and have independent masses.
In order to ensure two light eigenvalues we need to introduce a second symmetry where Φ † 1 Φ 2 transforms non-trivially such that m 2 12 is forbidden. A simple possibility is to introduce a second Z 2 symmetry where Φ 1 is odd and Φ 2 is even,
(3.5)
The "i" stands for "inert, " since in the inert phase Φ 1 = 0 and thus Z is given by 
Yukawa Sector
Now we consider the top quark sector. For now we take the limit where the other SM fermions are massless (it is straightforward to include them as we discuss below). Let q and u denote the
Other choices are possible, including introducing a mirror isospin doublet for q instead of a singlet for u, or both. A more sophisticated example is given in Ref. [12] , which has the same Higgs sector but two mirror symmetries acting in the fermion sector differently on the SU (2) doublets and singlets. In the model of Ref. [12] , the second mirror symmetry permits moderately better tuning properties. We employ a right-handed mirror sector in this paper to illustrate the physics with minimal additional field content.
With U , the Yukawa couplings take the form,
In order to avoid anomalies as well as experimental limits on a chiral fourth generation, we introduce a fieldŪ in the conjugate representations to U under the SM gauge symmetries. We assignŪ the following transformations under the discrete symmetries,
and include a vectorlike mass,
The mass term explicitly breaks Z is protected from quadratic sensitivity to the cutoff scale Λ. We return to the effects of symmetry breaking momentarily.
It is straightforward to include the other fermions of the SM. The SU(2) doublet of leptons is denoted by . For the remaining right-handed fermions of the SM, d, and e, we can add mirror partners D and E which receive a vectorlike mass with conjugate fieldsD andĒ (we leave the generation indices implicit). We assume the transformation properties,
The Yukawa couplings take the form, 12) and the vectorlike fermion masses are, . Requiring this correction to be smaller than the electroweak scale implies a bound of order
14)
The mirror partners of the bottom and tau should be lighter than about 100 TeV, while the partner of the electron should be lighter than about 10 8 GeV. These estimates are robust against inclusion of higher-order corrections because the discrete symmetries imposed on the Higgs fields alone become exact in the limit of small Yukawa couplings. Consequently, only the mirror righthanded top partner needs to have a mass near the electroweak scale, and if the cutoff scale Λ is low enough, the other mirror fermions need not be present in the spectrum at all.
Below the scale of the top partner, all the new fermions decouple, and the effective theory is that of the Type I 2HDM [35, 36] with approximate discrete symmetries in the Higgs sector.
Discrete Symmetry Breaking Effects
As noted previously, the vectorlike masses break part of the discrete symmetry group. We imagine that above some cutoff scale Λ the symmetry is restored, while below Λ, explicit Z m 2 -breaking enters with a characteristic scale M U which we take to be the vectorlike quark mass. In general there will also be an explicit Z . In the infrared, the splitting is approximately
Here the first term represents the boundary condition for the splitting at Λ (κ is a dimensionless coupling), and the second term represents a radiative correction from a quark loop below Λ. We will have in mind the case where either the Z m 2 breaking is not communicated at tree-level to the Higgs sector, or κ is a somewhat small coupling. In either case, ∆m 2 can be somewhat smaller than M 2 U without fine-tuning, but not much smaller than a loop factor below M is not generated at zeroth order in v. Below M U , the fermionic partners can be integrated out, and a splitting between λ 1 and λ 2 is generated, since only λ 1 feels the top quark. The splitting in the infrared ( we neglect the effects of ∆λ, which are small.
Vacua
We define the variables,
To prevent a runaway we require [34] ,
There are different possible electroweak symmetry breaking phases, depending on whether one of the v i vanishes.
Inert Phase
If one of the v i vanishes, one of the discrete symmetries is unbroken. We focus on the case where v 1 = 0, in which case the Z i 2 symmetry is unbroken. This phase is known as the Inert Doublet Model [13, 14] . At the minimum of the scalar potential, the scalar field vevs are given by
The existence and convexity of the extremum requires that
Mixed Phase
There is also a "mixed phase" where both v i = 0 and Z i 2 is spontaneously broken. Minimizing the scalar potential yields
The positivity of v and the curvature at the extremum requires
Given the constraint on R, the constraint on can also be written
The inert phase can exist without a mixed phase, or vice versa. For both to exist requires
The energy densities at the inert and mixed extrema are
Taking the difference, we can see that the mixed phase minimum is deeper than the inert minimum when both exist.
Scalar Spectrum 3.5.1 Inert Phase
In the inert phase, the neutral CP-even scalar masses squared are
Since ∆m 2 can be arbitrarily negative in the inert phase (for example,
H can be arbitrarily heavy. Of course, we are interested in the case where it sits near the electroweak scale.
The other Higgs boson masses are given by
Since λ 5 ≤ 0, the CP-odd scalar is heavier than the CP-even scalar. If λ 4 ≥ λ 5 , then H can be the lightest electrically neutral, Z i 2 -charged particle, as required for H dark matter.
Mixed Phase
In the mixed phase, the neutral CP-even scalar squared-mass matrix is
Fits to Higgs coupling measurements indicate that if a 2HDM is realized in nature, it must lie near an alignment limit [20, [37] [38] [39] [40] , where the CP-even scalar mixing angle α β − π/2. In this limit, one of the states is "mostly aligned" with the vev (v 1 , v 2 ), and therefore has SM-like couplings to electroweak gauge bosons, so it can be identified with the 125 GeV Higgs boson.
The mixing angle and spectrum analysis is most convenient in the Higgs basis, where the squared-mass matrix given in Eq. (3.29) is rotated by an angle β. In this basis,
In this basis, the mixing angle is α − β + π/2. If | cos(β − α)| is small, the approximate eigenvector (1, 0) is aligned with the vev and is SM-like. It will be the lightest scalar state if the first diagonal element is smaller than the second,
which, along with the vacuum constraint Eq. (3.18), implies that R should lie in the range The smallness of the mixing angle requires that the off-diagonal element of (3.30) be small compared to the splitting of the diagonal elements. The off-diagonal element vanishes for R = 1, = ±1, and = 0, but it is easy to see that only in the case = 0 can the SM-like state be the lightest, and then only if Eq. (3.32) is satisfied, implying R < 0. When and cos(β − α) are both small and nonzero, the latter is approximately given by
Self-consistency of this result requires | /R| < 1 (since we have already eliminated the possibility that R ≈ 1 when is small.) In Fig. 1 we plot the exact cos(β − α) on the (R, ) plane, and see that as expected, alignment favors small | |.
The CP-even scalar squared-masses are given by We mask regions where the alignment parameter is in tension with Higgs boson coupling fits (taken from [41] ), and regions where λ > 8π (corresponding to R −0.98).
and the other Higgs masses are given by
We can solve for λ in terms of m h . Inserting the solution for λ into the heavy neutral CP-even scalar mass, we obtain an expression for m 2 H as a function of R and :
The heavy scalar mass is plotted in Fig. 2 with m h = 125 GeV. Its growth as R → −1 is due to the fact that in that limit, holding m In Fig. 2 we crop regions where the alignment parameter is in tension with Higgs coupling fits [41] . Positive corresponds to negative cos(β − α) and tan β < 1, which is where the coupling Fig. 1 ). We mask regions as in Fig. 2. constraints are strongest, while negative corresponds to the more weakly-constrained region of positive cos(β − α) and tan β > 1; these differences are responsible for the asymmetry in the allowed region.
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Without a cancellation between the terms in Eq. (3.15), ∆m 2 is expected to be at least as large as the logarithmic correction. Using
and setting ∆m 2 equal to the logarithmic term in Eq. (3.15), we obtain M shown in Fig. 3 as a 10 The relative strength of the constraints can be understood as follows. The fermionic couplings are universally scaled by sin(β − α) + cos(β − α)/ tan β, and for tan β ∼ few, as | cos(β − α)| increases to moderate values ∼ 0.3, this scaling factor eventually provides a suppression to the couplings for either sign of cos(β − α). However, the suppression is more severe for negative cos(β − α) than for positive, so the constraints are stronger for the former. In the region of tan β < 1, for small cos(β −α), there is a rapid enhancement towards positive cos(β −α) and a rapid suppression towards negative cos(β − α), so the parameters quickly become disallowed. However, a 50% decrease in the coupling gives a bigger change in the rates than a 50% increase in the coupling, so again the constraints are somewhat stronger for negative cos(β − α). function of R, , and the cutoff Λ, under the assumption that log(Λ/M ) = 3. We see that low vectorlike masses are obtained unless R is close to −1.
Such low values for M are in tension with direct search limits at the LHC, as discussed in section 3.6. However, there are situations in which the vectorlike scale might be higher. For example, a part-in-N tuning in Eq. (3.15) allows raising the scale M by about a factor of √ N . In Fig. 4 we plot the percent cancellation between the terms in Eq. (3.15) necessary to raise M to 1
TeV, and find that the tuning is modest, of order 10%, in much of the allowed parameter space.
Another interesting possibility for raising M is the introduction of soft Z i 2 -breaking through the m 2 12 parameter. In order to avoid an unnatural coincidence of scales, it would be desirable to break all of the discrete symmetries with the same spurion. We leave further analysis of this scenario for future work.
Phenomenology
Our scenario consists of a 2HDM augmented by vectorlike quarks. The (partially) natural pa- require m H ± 400 GeV [43] . If the lightest odd state is the neutral Higgs, H, then it is a dark matter candidate [12] and it contributes to missing energy at colliders. In this case, the vectorlike quark can decay to Higgs bosons, U → (tH, tA, bH ± ). This leads to signals that are similar to stop production in supersymmetry, and U is constrained by searches for stops. If Br(U → tH) = 100%, searches for tt plus missing energy constrain m U 900 GeV for m H 400 GeV [44] . 11 If
Br(U → tH) = 25%, we require m U 650 GeV for m H 200 GeV [44] . There are also constraints on U → b(H ± → W ± * H) from searches for stop decays to charginos. For example, if
Br(U → bH ± ) = 100 (50)%, then we require m U 800 (700) GeV, for m H ± 400 (200) GeV, assuming m H ± ≈ 1/2 (m U + m H ) [44] . Searches at the LHC for electroweak production of heavy stable Higgs bosons in association with a monojet will probe masses up to of order 1 TeV [46, 47] .
In the mixed phase, the U quark mixes with the top quark through the y t coupling of Eq. (3.8),
and can therefore decay also to W b, Zt, and ht. If the sum of these branching ratios is 100%, then experimental constraints require m U 700 − 900 GeV (depending on the relative branching ratios) [48] [49] [50] . In the model discussed here the tH and bH + modes are likely to dominate when they are kinematically accessible since the couplings are unsuppressed by mixing. Mixing also allows H to decay to SM particles, with dominant branching ratios into tt (bb) above (below) the top pair threshold. The H + branching ratios depend on whether the HW + and tb modes are 11 In order to interpret the limit on U from stop searches, we have assumed similar efficiency for U and stops. This is only approximately true due to different production kinematics for colored scalars versus fermions. Dedicated searches for fermionic top partners in the tt plus missing energy final state have not been updated since √ s = 7 TeV, but require m U 500 GeV for Br(U → tH) = 100% and m H 150 GeV [45] . kinematically accessible. LHC searches for ttH, H → tt andtbH + , H + → tb offer promising reach for direct production of new scalar states near the alignment limit [41, 51] .
Supersymmetry
Supersymmetry is a highly motivated 2HDM, and if the soft SUSY-breaking scale is low, then both doublets are naturally light. On the other hand, there are reasons to contemplate a high SUSYbreaking scale. For example, while the MSSM can accommodate a 125 GeV Higgs, it requires dimensionful parameters (either soft masses or A-terms) significantly above the electroweak scale in the stop sector [52] . In such models a soft Higgs mass must be fine-tuned in order to obtain v/m sof t 1.
Without additional tuning or symmetries, the other Higgs states will be as heavy as the squarks, usually completely decoupled and too heavy to produce at the LHC. This can be seen as follows.
Given the MSSM Higgs sector input parameters m 
Discrete symmetries of the type discussed in the previous section may be imposed among the soft masses at the SUSY-breaking mediation scale in order to naturally tie the Higgs doublet masses together. Without adding chiral multiplets to the MSSM, these symmetries are again typically broken by dimensionless Yukawa couplings, leading to splittings controlled by a product of Yukawa couplings and soft masses.
There are several ways to proceed. First, we can attempt to introduce mirror vectorlike multiplets such that the Yukawa terms in the superpotential preserve a mirror symmetry. We find that the model and the mirror symmetry discussed previously cannot be generalized in a simple way consistent with the gauge interactions and supersymmetry if H u and H d are required to be present at low energies. A second possibility we consider is a weaker but more minimal mechanism, requiring a top-bottom symmetry but no new states; in this case there are hard discrete symmetry breaking effects that must be made as small as possible.
C and CP-symmetric SSMs
We promote all fields to superfields. As usual, holomorphy of the superpotential requires that two chiral Higgs superfields carry opposite hypercharge. Therefore, the most straightforward implementation of the discussion in the previous sections is to add both right-handed top partners and two mirror doublets H u and H d . The Higgs sector is now a 4HDM with a quadratic scalar potential of the form 4) and the low energy theory is just a particular case of the 2HDM studied in the previous section. This is analogous to the "decoupling limit" of the MSSM. 
We have introduced mirror left-handed fields and their conjugates Q,Q, . . . in addition to the righthanded mirrors U,Ū , . . . in order to write gauge invariant supersymmetric Yukawa interactions and vectorlike mass terms. For brevity we have only written a subset of the possible mass terms. If, as before, we enforce the Z m 2 on the Yukawa interactions, but allow soft breaking by the vectorlike masses, the mirror symmetry can be defined in a variety of ways. One assignment is
Here Z The C symmetry can be promoted to generalized CP, e.g., u ⇐⇒ U * andŪ ⇐⇒Ū * . However, this is not a symmetry of the superpotential, and moreover it cannot be a mirror symmetry and a symmetry of the Yukawa sector unless Φ 2 has the same hypercharge as Φ 1 , in which case the down-type Yukawa couplings are forbidden. Alternatively, we can impose Z m 2 as a P symmetry on the Higgs fields Φ 2 ⇐⇒ Φ * 1 , and define u ⇐⇒Ū * , etc. Once again, however, there is no transformation for the unbarred mirror fields that preserves the gauge interactions.
Ref. [12] considered a different pattern of discrete symmetries which includes two mirror symmetries. It is similarly not possible to extend their model to a supersymmetric one in a minimal way. The SU (2) doublet fermions are invariant under one of the mirror symmetries and the SU (2) singlets are invariant under the other, implying neither can be preserved with generalized C and P transformations in supersymmetry.
t/b-symmetric MSSM
Hard discrete symmetry breaking signals that radiative corrections will generate mass splitting proportional to the typical soft mass scale. Whether or not the splitting is large compared to the electroweak scale is then a detailed model-dependent question of the size of the coefficient. This is a weaker position than in the non-supersymmetric case where we avoided hard breakings completely. However, it can be an interesting possibility to consider precisely because it strongly constrains the allowed UV completions.
With this in mind we could analyze the radiative splittings generated by the hard breaking terms in the mirror model of the previous section. However, perhaps a more interesting model is simply the MSSM without mirror matter. We study this possibility in this section. Explicit symmetry breaking from hypercharge and Yukawa interactions will limit the parameters and UV completions that naturally contain a light second doublet. 14 Avoiding fine-tuning with a low scale Λ implies third-generation squark masses less than two orders of magnitude above the mass of the second Higgs doublet. If the mediation scale is high, the third-generation squarks and Higgs bosons must be of the same order -but in this case the fine-tuning of the electroweak scale itself is relieved.
In conclusion, it is possible to imagine a "mini-split"-type scenario [56] a mini-split spectrum, low tan β, and large m A was studied in [57] , and it would be interesting to examine whether variants of the model can accommodate large tan β and low m A . We leave this investigation for future work.
